Few studies have examined geographic variation in hypertension disparities, but studies of other health outcomes indicate that racial residential segregation may help to explain these variations. The authors used data from 8,071 black and white participants in the National Health and Nutrition Examination Survey (1999Survey ( -2006 who were aged 25 years or older to investigate whether black-white hypertension disparities varied by level of metropolitanlevel racial residential segregation and whether this was explained by race differences in neighborhood poverty. Racial segregation was measured by using the black isolation index. After adjustment for demographics and individual-level socioeconomic position, blacks had 2.74 times higher odds of hypertension than whites (95% confidence interval (CI): 2.32, 3.25). However, race differences were significantly smaller in low-than in highsegregation areas (P interaction ¼ 0.006). Race differences in neighborhood poverty did not explain this heterogeneity, but poverty further modified race disparities: Race differences were largest in segregated, low-poverty areas (odds ratio ¼ 4.14, 95% CI: 3.18, 5.38) and smallest in nonsegregated, high-poverty areas (odds ratio ¼ 1.24, 95% CI: 0.77, 2.01). These findings suggest that racial disparities in hypertension are not invariant and are modified by contextual levels of racial segregation and neighborhood poverty, highlighting the role of environmental factors in the genesis of disparities.
Hypertension prevalence is significantly higher among blacks than any other racial or ethnic group in the United States (1) , and these disparities often persist after adjustment for individual-level socioeconomic position and traditional risk factors (2) (3) (4) . Identification of environments in which black-white hypertension disparities are smaller or nonexistent may help to elucidate the role of contextual factors in perpetuating the unequal burden of hypertension and to provide important clues regarding the causes of these disparities.
A growing number of studies link place to hypertension disparities, but the mechanisms are not yet clear (5) (6) (7) (8) . No study, to our knowledge, has examined the impact of racial residential segregation on black-white disparities in hypertension, but there is evidence that disparities in other health outcomes may vary by levels of racial segregation (9) (10) (11) (12) (13) . Researchers hypothesize that segregation leads to health disparities by leaving blacks more likely to live in concentrated poverty than whites (14, 15) . Living in concentrated poverty is, in turn, associated with a wide range of deleterious exposures that could lead to hypertension disparities, including decreased neighborhood safety, limited access to healthy foods and recreational resources, and lower levels of educational attainment (5, 6, 16) .
In this study, we used data on adult participants of the 1999-2006 National Health and Nutrition Examination Survey (NHANES) who resided in US metropolitan statistical areas (MSAs) to evaluate the contribution of racial residential segregation to black-white hypertension disparities. We hypothesized that higher levels of racial residential segregation would be associated with a larger race difference in hypertension prevalence. In addition, we hypothesized that larger race differences in neighborhood poverty would explain the stronger association of race with hypertension in more segregated areas.
MATERIALS AND METHODS

Study population
The data used in these analyses came from the 1999-2006 non-Hispanic black and white NHANES participants aged 25 years or older who resided in MSAs. Approximately 10% of all US MSAs were represented in NHANES. Of the 10,611 eligible black and white study participants, 1,349 were excluded for missing blood pressure. In addition, 721 participants were excluded for missing education or income data and another 470 for missing data on body mass index, cigarette smoking, diet, or exercise. This left 8,071 participants for the analyses. Blacks and women were slightly more likely to be excluded because of missing data.
NHANES is a multistage stratified probability sample of US households designed to examine health and nutrition in children and adults (17). National Center for Health Statistics Research Ethics Review Board approval was obtained for NHANES, and informed consent was obtained from all participants.
Measures
Hypertension. Hypertension prevalence was defined as having a mean systolic blood pressure greater than or equal to 140 mm Hg, a mean diastolic blood pressure greater than or equal to 90 mm Hg, or a self-reported history of hypertension and report of being on medication for it (18) . Resting seated blood pressure was measured up to 4 times in a single visit by a certified operator using a mercury sphygmomanometer. Approximately 95% of all participants in this study had at least 2 blood pressure measurements taken. Consistent with prior research, the average of the last 2 measurements was used for participants who had 3-4 measurements taken; the second measurement was taken for those who had only 2 measurements; and the only measurement was used for participants who had just 1 recorded measurement (4) . Sensitivity analyses showed that results were similar when the study population was limited to those who had at least 3 blood pressure measurements.
Racial residential segregation. Massey and Denton (19) conceptualized 5 geographic dimensions of racial/ethnic residential segregation: evenness, exposure, clustering, centralization, and concentration. All are empirically correlated, but each is thought to represent distinct aspects of residential segregation. In this study, the black isolation index, a measure of the exposure dimension, was used according to 2000 Census data. The black isolation index is a commonly used measure that estimates the extent to which blacks live in neighborhoods where they are exposed only to other blacks (14) .
The isolation index ranges from near 0 to 1, where a score near 0 indicates that blacks are completely integrated with whites, and 1 means that blacks are completely isolated from whites. It is represented mathematically as follows:
; where x i is the number of blacks in tract i, t i is the total population in tract i, and X is the number of blacks in the metropolitan area. This proportion is then summed across all census tracts in the MSA. MSAs are geographic entities consisting of large urban areas and surrounding counties that have social or economic ties with the urban core. They were chosen as the geographic context for which to measure segregation as opposed to cities or counties because, by design, they represent regional housing and labor markets, which help to shape residential segregation and its potential impact on differential disadvantage and adverse health outcomes (20) .
Covariates. Census tracts were used as proxies for neighborhoods in these analyses. Neighborhood poverty was measured as the percentage of the population living below the 1999 US Census Bureau-defined poverty threshold and modeled continuously (21) .
Individual-level education was measured as the highest level completed and categorized as less than high school, high school, some college, and college or more. Mean annual family income was broken into the following quartiles: $14,999; $15,000-$34,999; $35,000-$64,999; and $65,000. Gender was analyzed dichotomously as male versus female, and age was analyzed continuously. Cigarette smoking, based on self-report, was categorized as current, former, and never. Obesity (body mass index, 30 kg/m 2 ) was included dichotomously on the basis of measured height and weight. Results were similar when body mass index was included as a continuous variable. Physical activity was dichotomized as yes versus no on the basis of whether or not participants reported engaging in any amount of moderate or vigorous activity lasting 10 minutes or longer over the last 30 days. Diet history was obtained by using a 24-hour dietary recall that was administered by a trained interviewer. Diet was assessed on the basis of adherence to the Dietary Approaches to Stop Hypertension trial diet by using data on levels of consumption of the following nutrients: saturated fat, total fat, protein, cholesterol, fiber, magnesium, calcium, potassium, and sodium (22, 23) .
Analyses
Means with standard errors and frequencies were calculated for all continuous and categorical characteristics by race, taking into account the study design and unequal selection probabilities of the study participants. Continuous variables were compared by using analysis of variance, and categorical variables were compared by using the v 2 statistic. Descriptive analyses also examined the distribution of blacks and whites across cross-classified categories (based on quartiles) of black isolation score and neighborhood poverty.
Multilevel logistic regression was used to estimate black-white disparities in hypertension before and after adjustment for MSA-level residential segregation and neighborhood (census tract)-level poverty, as well as multiplicative interactions between race and both variables. Three-level random intercept models (with random intercepts for tracts and counties) were fitted by using the 8,071 study participants nested within 1,827 census tracts and 99 counties. A random intercept was not included to account for clustering at the MSA level, because NHANES participants were sampled at the county level, and the majority of MSAs in the study population were represented by only one (64.9%) or two (27%) counties. Allowing the coefficient for race to vary randomly across counties did not significantly improve the fit of the model. There was a median of 12 tracts per county and 8 participants per tract. These geographic identifiers are restricted-use variables that were accessed through the National Center for Health Statistics Research Data Center.
The first model (model 1) was run adjusted for age, gender, and race. Model 2 also adjusted for income and education. Model 3 added the black isolation score, and model 4 added a multiplicative interaction between race and black isolation to allow the race difference in hypertension to vary by level of segregation. Model 5 added a measure of neighborhood poverty to examine whether race differences in neighborhood poverty explained any heterogeneity in the association of race with hypertension by levels of black isolation score. Subsequent analyses (shown in figures) also added a race-neighborhood poverty interaction (to account for possible differences in the poverty-hypertension association in blacks and whites), as well as risk factors for hypertension. For a more meaningful interpretation of the results, estimates for segregation and neighborhood poverty correspond to a difference equivalent to a 1-standard deviation increase (standard deviations ¼ 0.21% and 10.7%, respectively). Neighborhood poverty was also mean centered (mean ¼ 12.1%).
Individual-level sampling weights were incorporated into the multilevel models to account for the study design and unequal selection probabilities. On the basis of previous research, these weights were scaled so that the new weights summed to the level-2 (census tract) cluster sample size (24). Level-2 and level-3 weights (accounting for selection probabilities of the census tracts and counties, respectively) were unavailable and were thus set to 1 in these analyses. All multilevel analyses were conducted by using the GLLAMM (generalized linear latent and mixed models) program (25) in STATA, version 11, software (StataCorp LP, College Station, Texas). Given the high prevalence of hypertension, the odds ratios presented do not approximate the prevalence ratios (26), although they are still meaningful estimates of the associations.
RESULTS
Hypertension prevalence was 40.0% among blacks compared with 30.8% among whites (Table 1) . Blacks were more likely to have low individual and neighborhood socioeconomic position: Just under 30% of all blacks had less than a high school education compared with fewer than 11% of whites; 23.6% of blacks reported annual family incomes below $14,999 versus 9.5% of whites; and mean neighborhood poverty for blacks was 19.8% compared with 8.4% for whites. The mean body mass index was significantly higher for blacks than whites; blacks were also more likely to be current smokers and to have poor diets and less likely to exercise. Table 2 depicts the distribution of black and white study participants by level of segregation and neighborhood poverty. The smallest percentage of black participants were living in low-segregation, low-poverty areas (0.9% of all blacks), and the largest percentage were living in highsegregation, high-poverty areas (28.7%). Whites were more evenly distributed across the segregation-poverty subgroups, though smaller percentages of whites were living in higher than in lower poverty areas, regardless of level of segregation. Continuous measures of the black isolation score and neighborhood poverty were only weakly correlated (Pearson's r ¼ 0.17). Table 3 shows that, after adjustment for age and gender, blacks had 2.92 (95% confidence interval (CI): 2.47, 3.45) times higher odds of hypertension compared with whites (model 1). This was attenuated some after adjustment for education and income (odds ratio (OR) ¼ 2.74, 95% CI: 2.32, 3.25) and then increased slightly after adjustment for the isolation index (OR ¼ 2.81, 95% CI: 2.37, 3.34). However, the magnitude of the black-white differences varied significantly by level of segregation (P interaction ¼ 0.006). The estimates shown are those predicted by the model for the 10th percentile (defined as ''low'') and the 90th percentile (defined as ''high'') of segregation (0.06 and 0.65 isolation scores, respectively). Blacks living in low segregation areas had 1.67 (95% CI: 1.08, 2.57) times higher odds of hypertension than whites, compared with a 3.57 (95% CI: 2.88, 4.42) times higher odds for blacks versus whites residing in high segregation areas. This statistically significant interaction also indicated that the relation between segregation and hypertension was different for blacks than for whites. For blacks, each standard deviation increase in segregation was associated with a 1.18 (95% CI: 1.00, 1.39) times higher odds of hypertension, while a weaker, inverse association was seen for whites (OR ¼ 0.90, 95% CI: 0.79, 1.02).
Neighborhood poverty was not significantly associated with hypertension, and adjustment for neighborhood poverty did not attenuate the race-segregation interaction (Table 3 , model 5). However, there was a statistically significant interaction between race and neighborhood poverty (P ¼ 0.009) (not shown in table). The race-black isolation interaction remained statistically significant (P ¼ 0.007) when the race-neighborhood poverty interaction was included in the model (not shown in table). Figure 1 shows odds ratios of hypertension for blacks versus whites based on estimates predicted by models for low ( Figure 1A ) and high ( Figure 1B ) segregation at the 10th percentile, the mean, and the 90th percentile of poverty (low, medium, and high corresponding to 3%, 12.1%, and 28% poverty, respectively). Overall, the odds ratios of hypertension in blacks versus whites were lower in areas of low segregation than in areas of high segregation. In addition, within both low and high segregation areas, the odds ratios for blacks versus whites were greater in low poverty than in high poverty areas. For example, the odds ratios of hypertension for blacks versus whites living in very segregated MSAs ranged from 4.14 (95% CI: 3.18, 5.38) in low poverty neighborhoods to 2.61 (95% CI: 1.90, 3.57) in high poverty neighborhoods. Corresponding odds ratios for the low segregation MSAs were 1.97 (95% CI: 1.26, 3.08) in low poverty neighborhoods and 1.24 (95% CI: 0.77, 2.01) in high poverty neighborhoods.
Adjustment for body mass index and behavioral risk factors attenuated race differences somewhat for those living in high segregation areas but had little impact on race differences in low segregation areas (Figure 1 , right estimates). For example, at mean neighborhood poverty, the odds ratio for blacks versus whites living in highly segregated areas was 3.50 (95% CI: 2.78, 4.40) compared with 3.05 (95% CI: 2.41, 3.86) after adjustment for risk factors. In contrast, the odds ratio for blacks versus whites living in less segregated areas was not reduced after adjustment for risk factors (OR ¼ 1.67 (95% CI: 1.09, 2.56) and OR ¼ 1.76 (95% CI: 1.16, 2.68) before and after risk factor adjustment, respectively). Interactions between race and segregation and between race and poverty were still statistically significant after risk factor adjustment (P interaction ¼ 0.04 and 0.02, respectively).
An examination of the predicted probabilities of hypertension by level of neighborhood poverty and segregation for blacks and whites ( Figure 2) shows that, although hypertension prevalence among whites was slightly higher in less segregated areas than in more segregated areas, among blacks, living in less segregated areas was associated with lower hypertension prevalence. Figure 2 also indicates that the diminished race difference in hypertension observed in high compared with low poverty neighborhoods was due to the fact that greater neighborhood poverty was associated with greater hypertension prevalence in whites but not in blacks (OR of hypertension per standard deviation increase in neighborhood poverty ¼ 1.18, 95% CI: 1.03, 1.36 in whites and OR ¼ 0.97, 95% CI: 0.88, 1.07 in blacks; not shown on figure) .
DISCUSSION
This is among the first studies to investigate how racial residential segregation is related to black-white disparities in hypertension. The association between race and hypertension varied significantly by level of segregation; it was smallest among those living in more integrated areas and largest for those living in more segregated areas. Although segregation is often hypothesized to impact racial health disparities through aspects of the neighborhood environment, this has generally remained untested empirically.
Comparison of results before and after adjustment for neighborhood poverty suggested that black-white differences in neighborhood poverty did not explain the larger race differences in more segregated areas. However, there was significant heterogeneity in the association between race and hypertension by neighborhood poverty in addition to segregation. When considered together, race differences in hypertension were greatest in segregated, low-poverty areas and weakest in nonsegregated, high-poverty areas. Few studies have investigated associations between segregation and cardiovascular risk, and findings vary depending on the level at which segregation was measured. In a nationally representative US study of metropolitan-level segregation and body mass index, Chang (27) found that both body mass index and the odds of being overweight increased significantly with increasing metropolitan-level segregation for blacks, but no relation was observed for whites. These results are consistent with our finding that greater segregation at the metropolitan level was associated with higher odds of hypertension in blacks, but no association (or even the opposite association) was observed in whites. In contrast, a study of low-income, uninsured white, black, and Hispanic women living in 5 US states found no association between zip code-level segregation and body mass index in any group and a protective association with 10-year predicted heart disease risk among black and Hispanic women (28) after adjustment for several measures of Abbreviations: CI, confidence interval; OR, odds ratio. * P interaction ¼ 0.006; **P interaction ¼ 0.009. a Estimates are derived from a 3-level random intercept model as described in the text. Model 1 is adjusted for age, sex, and race. Model 2 is adjusted for model 1, education, and income. Model 3 is adjusted for model 2 and the black isolation score. Model 4 is adjusted for model 3 and race-black isolation interaction. Model 5 is adjusted for model 4 and neighborhood poverty.
the neighborhood environment. Similarly, a study in New York City found a protective association between neighborhood-level segregation and cardiovascular disease mortality rates (29) . Differences in the geographic areas for which segregation has been measured, in the measure of segregation used, and in the individual-level variables for which estimates are adjusted may explain different results across studies. Figure 1 . Odds ratios of hypertension prevalence in blacks versus whites by level of neighborhood poverty at low (part A; 10th percentile) and high (part B; 90th percentile) levels of segregation, National Health and Nutrition Examination Survey, 1996-2006. Each part has 3 sets of 2 odds ratios, with the left estimate of each set showing the odds ratio before adjustment for risk factors (i.e., body mass index and health behaviors) and the right estimate showing the odds ratio after adjustment for these risk factors. Odds ratios were derived from a 3-level random intercept model as described in the text. Models were adjusted for age, gender, race, education, income, black isolation score, race-black isolation score interaction, neighborhood poverty, and race-neighborhood poverty interaction. Low neighborhood poverty ¼ 10th percentile; medium ¼ mean; and high ¼ 90th percentile. Bars, 95% confidence interval.
A limited number of studies have assessed variation in the relation between race and hypertension by both level of segregation and neighborhood poverty. Consistent with our results, a Baltimore study found that race differences in hypertension were smaller in a low-income, integrated community than in a national sample (7) . One explanation for these findings is that blacks and whites living in integrated but poor areas may be more comparable in their exposure to individual-and area-level stressors and in their access to health-enhancing resources than blacks and whites living in less poor or more segregated areas.
The racial disparities in hypertension seen in this study were somewhat attenuated by adjustment for body mass index and behavioral factors, but only among those living in more segregated areas. Racial residential segregation leads to the inequitable distribution of social and economic resources. One way to cope with this chronic disadvantage is to engage in behaviors that may reduce feelings of anxiety or stress at the expense of physical health (30) (31) (32) (33) (34) (35) (36) . In addition, the ability to engage in healthy behaviors may be hindered by environmental factors associated with neighborhood segregation (37) (38) (39) . Thus, it is possible that the contribution of these risk factors to black-white disparities in hypertension depends on the context in which individuals live. However, our ability to investigate the contributions of different individual-level factors to race differences was limited by the data available. In addition, the observational nature of our analyses prevents us from categorically ruling out the possibility that some of the patterns that we observed are attributable to the differential sorting of persons into different kinds of neighborhoods.
This study is not without limitations. Although NHANES is a nationally representative survey, the small percentage of MSAs represented may limit the generalizability of our findings regarding associations of segregation with hypertension. In addition, although both blacks and whites were represented across most of the continuum of MSA segregation and poverty (Table 2 shows there were observations in all segregation-poverty subgroups), the distributions were clearly different and, hence, our statistical analysis necessarily relies on some extrapolations. In the absence of clear evidence of threshold effects, we modeled both poverty and segregation as linear variables. Estimates presented for the 10th and 90th percentiles of segregation and poverty are predictions based on the associations observed across the full range of both distributions and not only on the data available at exactly the 10th and 90th percentiles. These estimates capture the general pattern observed across the continuum observed in the data but necessarily rely on extrapolations. Unfortunately, data sparseness made it impossible to fully investigate poverty and segregation as categorical variables, especially for the extremes of the distributions. Additional studies that take advantage of overlapping distributions are therefore necessary to confirm our findings.
We were unable to explain why race disparities in hypertension varied by level of segregation or neighborhood poverty. Adjustment for body mass index and behavioral risk factors somewhat attenuated the race-segregation and (to a lesser extent) the race-neighborhood poverty interactions, suggesting that these factors could play a mediating role, but the interactions remained statistically significant after risk factor adjustment. Measurement error in the behavioral factors or residual confounding due to either unmeasured psychosocial factors (that may be more strongly patterned by race in some geographic contexts than in others) or unmeasured neighborhood-level factors known to be associated with both hypertension and neighborhood poverty and segregation could play a role (6, (40) (41) (42) (43) (44) (45) . There may also be residual socioeconomic differences between blacks and whites, and the magnitude of these differences may vary by level of segregation and neighborhood poverty. Racial differences in wealth, for example, may be a better representation of disparities in economic status and resources than income and may be influenced by racial residential segregation (13, 46, 47) . In addition, racial residential segregation may make blacks less able to convert improvements in individual-level socioeconomic position into better residential quality (46, 48) . This residual confounding could contribute to the apparent effect modification that we observed. Another interpretation is that these factors themselves explain why the effect modification is observed (in a sense ''mediate'' rather than confound the effect modification).
Our results show that race differences in hypertension are not invariant across contexts and, in fact, are strongly modified by level of segregation and neighborhood poverty. These findings suggest that further research into environmental factors, as well as how environments may interact Estimates were derived from a 3-level random intercept model as described in the text. Models were adjusted for age, gender, race, education, income, black isolation score, race-black isolation score interaction, neighborhood poverty, and race-neighborhood poverty interaction.
with genetic predispositions in both blacks and whites, is needed to better understand the causes of hypertension disparities and to develop more effective hypertension prevention interventions.
